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ABSTRACT 
Alginate is a polymer containing two uronic acid 
epimers, β-D-mannuronate (M) and α-L-guluronate 
(G), and is a major component of brown seaweed 
that is depolymerized by alginate lyases. These 
enzymes have diverse specificity, cleaving the 
chain with endo- or exotype activity and with 
differential selectivity for the sequence of M or G 
at the cleavage site. Dp0100 is a 201-kDa multi-
modular, broad-specificity endotype alginate lyase 
from the marine thermophile Defluviitalea 
phaphyphila, which uses brown algae as a carbon 
source, converting it to ethanol, and bioinformatics 
analysis suggested that its catalytic domain 
represents a new polysaccharide lyase family, PLxx. 
The structure of the Dp0100 catalytic domain, 
determined at 2.07 Å resolution, revealed that it 
comprises three regions strongly resembling those 
of the exotype lyase families PL15 and PL17. The 
conservation of key catalytic histidine and tyrosine 
residues belonging to the latter suggest these 
enzymes share mechanistic similarities. A complex 
of Dp0100 with a pentasaccharide, M5, showed that 
the oligosaccharide is located in subsites –2, –1, +1, 
+2, and +3 in a long, deep canyon open at both ends, 
explaining the endotype activity of this lyase. This 
contrasted with the hindered binding sites of the 
exotype enzymes, which are blocked such that only 
 http://www.jbc.org/cgi/doi/10.1074/jbc.RA119.010716The latest version is at 
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one sugar moiety can be accommodated at the –1 
position in the catalytic site. The biochemical and 
structural analyses of Dp0100, the first for this new 
class of endotype alginate lyases, has furthered our 
understanding of the structure-function and 
evolutionary relationships within this important 
class of enzymes. 
Introduction 
The growth of brown algae represents an 
important carbon sink in the oceans of the world, 
and, as a result, the polysaccharide alginate, a 
major component of the algal cell wall is one of the 
most abundant carbohydrates in the ocean (1,2). 
The abundance of these seaweeds has made them 
an attractive and important source of renewable 
biomass for biofuel production (3,4). Alginate is a 
linear polysaccharide consisting of around one 
thousand residues of a mixture of the two uronic 
acid epimers, α-L-guluronate (G) and β-D-
mannuronate (M) which are connected by α-(1,4) 
O-linked glycosidic bonds (5,6). The sequence of 
the sugars in the polymer is not random but instead, 
consists regions where the sugars can be found in 
M- or G- rich regions or in stretches of alternating 
M and G residues. An unusual property of this 
polymer is its ability to self assemble into 
crystalline or less structured regions dependent on 
the nature of the sequence in a process that requires 
addition of divalent cations, particularly calcium. 
The organization and spacing of the structured and 
unstructured regions provides an extracellular 
matrix in which the algal cells are embedded in 
macrocellular arrays in pockets that have been 
likened to the chambers in an egg-box, the so-
called egg-box model (7). As a natural 
polysaccharide, alginate and oligosaccharides 
derived from it by depolymerization have been 
widely used in the food, pharmaceutical, and 
biomaterial industries (8). Thus, the enzymatic 
degradation of alginate is of significant 
biotechnological importance. 
Alginate lyases catalyze the depolymerization 
of alginate cleaving the polysaccharide chain in an 
endo- or exo-specific manner. These enzymes have 
also been shown to exhibit differential substrate 
specificity with three types of activity being 
recognized, mannuronate-specific alginate lyase 
(EC 4.2.2.3), guluronate-specific alginate lyase 
(EC 4.2.2.11), and a bifunctional enzyme that 
cleaves regions of alginate containing both M and 
G. The reaction results in the cleavage of the 
glycosidic bond leaving an unsaturated 
monosaccharide, 4-deoxy-L-erythro-hex-4-
enepyranosyl uronic acid, at the non-reducing end 
of the oligosaccharide chain (9,10). Of the 37 
polysaccharide lyase (PL) families identified to 
date in the Carbohydrate-Active enZYmes (CAZy) 
database (11), 9 are alginate lyases and the 
structures of representative members of 7 of these 
have been determined. The structural studies have 
resulted in the recognition of 4 fold classes, 
including simple single domain alginate lyases 
with an (α/α)n toroid (PL5), a β-Helix (PL6) or a β-
Jelly roll (PL7, PL14 and PL18) fold, and the more 
complex multidomain alginate lyases which 
combine domains with an (α/α)n toroid fold with 
antiparallel β-sandwich domains (PL15 and PL17) 
(12). Metal ions, including calcium and zinc, have 
been identified in the structures of some of these 
enzymes; however, their roles in catalysis, 
specificity and stability are not yet fully understood. 
Structural and biochemical studies of 
representative exotype alginate lyases belonging to 
families PL7, PL15 and PL17 have identified that 
the exotype cleavage arises as a result of the 
relative position of the catalytic site compared to 
that of the binding site for oligosaccharides where 
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the non-reducing end of the sugar occupies a 
sterically hindered pocket which can only 
accommodate a single sugar moiety (13-15). In 
contrast, in the single domain endotype PL7 family 
lyase from Zobellia galactanivorans, the 
oligosaccharide binding site is more open, 
providing a molecular explanation for the endolytic 
activity. 
Proposals for the mechanism of alginate 
lyases suggest that the reaction involves the 
removal of the acidic proton at the C5 position of 
the +1 subsite uronic acid (sugar-binding subsites 
are numbered according to the nomenclature 
proposed by Davies et al. (16)) leading to the 
formation of a stabilized aci-carboxylate 
intermediate (17). Collapse of the intermediate 
leads to the formation of a double bond between C4 
and C5, and the cleavage of the glycosidic linkage 
between –1 and +1 subsites (12). Residues 
identified as important roles for catalysis include 
tyrosine as a Brønsted acid, tyrosine or histidine as 
a Brønsted base, and Gln/Asn and His/Arg as 
playing important roles in the stabilization of the 
aci-carboxylate (12,18). 
In order to contribute to a better understanding 
of the structure specificity, catalysis and evolution 
of multidomain alginate lyases, this paper reports 
studies on a novel endolytic alginate lyase Dp0100 
from the thermophilic bacterium Defluviitalea 
phaphyphila. This microbe is a moderate marine 
thermophile capable of direct utilization of brown 
algae that can ferment mannitol, laminarin and 
alginate to ethanol with high yield, making this 
bacterium well-suited for bioconversion (19,20). D. 
phaphyphila contains at least 4 alginate lyases, 
including examples belonging to PL6 (Dp0084) 
and PL7 (Dp2072) together with a number of novel 
lyases that represent totally new PL families with 
both endo- and exo-type activities (Dp0100 and 
Dp1761, respectively) (19,21). Dp0100 is a 201-
kDa polypeptide with bifunctional alginate lyase 
activity cleaving either polyM or polyG substrates 
in an endotype manner, but showing no activity 
against related polysaccharides such as heparin, 
heparan sulfate, dermatan sulfate and chondroitin 
sulfate. The catalytic domain shows limited 
sequence similarity to the members of the 
multidomain PL15 and PL17 families but with 
many additional poorly characterized domains. 
In this paper we report an analysis of the 
functions of the different domains of Dp0100 
together with the crystal structure of the catalytic 
domain and its complexes with substrates. Together, 
these data have allowed us to unravel the molecular 
basis of its endolytic activity and establish the 
relationship of this enzyme to the broader 
superfamily, thereby deepening our understanding 
of these important enzymes that depolymerize 
alginate. 
 
Results and Discussion 
Bioinformatic analysis of Dp0100 
Based on the BLAST sequence analysis, 
Dp0100 has a full-length of 1825 amino acids 
including a 26 amino acid signal peptide at the N-
terminus. The enzyme appears to contain 8 
conserved domains which include a DUF4962 
domain (pfam16332), a Hepar_II_III domain 
(pfam07940), a CBM35 carbohydrate binding 
module (cd04086), a CBM32 Discoidin domain 
(also known as an F5/8 type C domain) 
(pfam00754) and 4 fibronectin type III domains 
(FN3) (cd00063/COG3401) (Fig. 1A). Further 
consideration of the limited sequence similarity 
between Dp0100 and the PL15 alginate lyase 
Atu3025 from Agrobacterium tumefaciens, the 
PL17 exotype alginate lyase Alg17c from 
Saccharophagus degradans and the PL21 
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heparinase HepII from Pedobacter heparinus 
suggests that the catalytic site of Dp0100 includes 
both the DUF4962 domain and a block of sequence 
similar to the Hepar_II_III region of the Heparinase 
II/III enzymes which together form the activity site 
of these related enzymes (13,14,22). The closest 
sequence similarities of the catalytic domain of 
Dp0100 are to a predicted Heparinase II/III family 
protein from Rhodopirellula sp. SWK7 isolated 
from the surface of a macroalgae (GenBank 
accession number EMI43857) and a hypothetical 
protein from Verrucomicrobiae bacterium DG1235 
isolated from a dinoflagellate (GenBank accession 
number EDY81874). Phylogenetic analysis shows 
that the catalytic domain of Dp0100 and its 
relatives constitute a new PL family-PLxx (Fig. 
1B). An unusual feature of the Dp0100 sequence is 
the combination of the catalytic domain with so 
many accessory non-catalytic modules including 
the CBM35 domain and the CBM32 Discoidin 
domain raising questions as to the precise roles of 
these domains in alginate recognition. 
 
Enzymatic properties of Dp0100 and its truncated 
derivatives 
To analyze the function of the different 
domains of Dp0100, constructs covering the full-
length wild-type protein without the N-terminal 
signal peptide, and a series of truncation mutants 
(TM1 to TM7) were produced (Fig. 1A). The 
bioinformatics analysis was used to design 
truncated constructs which sought to isolate 
fragments to identify the location of the active site 
region. These constructs were expressed as soluble 
proteins and purified to homogeneity. Activity 
assays showed that the combination of the 
DUF4962 domain and Hepar_II_III region were 
necessary for the alginate lyase activity of Dp0100. 
The full-length enzyme has a pH optimum of 5.8, 
and shows considerable thermostability with a 
temperature optimum of 65 ̊ C with a half-life of 45 
min (Fig. S1). These properties were similarly 
reflected in the TM1-TM5 constructs. Constructs 
TM6 and TM7 which lack the DUF4962 domain 
and the Hepar_II_III region showed no catalytic 
activity. These results suggest that the TM5 
construct contains the minimal unit required for 
activity and that the other domains must be 
involved in aspects of substrate recognition in the 
context of the alginate matrix. Comparison of the 
kinetic parameters of Dp0100 and its truncation 
mutants showed that the Km for Dp0100 is smaller 
than that for other truncated derivatives, and the 
catalytic efficiency (kcat/Km) is higher again 
possibly indicating that the non-catalytic domains 
function to improve substrate processing (Table 
S2). Analysis of the incubation of the enzyme with 
alginate showed that the major products of 
cleavage were di-, tri- and tetra- saccharides (Fig. 
2). 
 
Analysis of the alginate binding properties of the 
non-catalytic domains 
Extensive biochemical data, and sequence 
comparisons have indicated that enzymes involved 
in carbohydrate chemistry possess a modular 
structure, as a part of which a catalytic module is 
associated with one or more non-catalytic modules 
in a multifunctional polypeptide chain (23). This 
type of architecture is common for many PL family 
enzymes, but it is less common for alginate lyases, 
although, in some, but not all enzymes belonging 
to the PL7 family, accessory modules belonging to 
CBM13, CBM16 and CBM32 have been identified 
(24-26). Currently, the precise roles of these 
domains in alginate lyases are poorly understood 
with only weak binding of the CBM32 domains to 
the oligosaccharide being reported (25,27). 
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Moreover, nothing is known about the function of 
the far more complex arrangement of accessory 
domains in Dp0100. 
To investigate the substrate binding properties 
of different domains of Dp0100, negative stain 
electron microscopy was used to show that, when 
mixed with alginate, Dp0100 forms dense 
aggregates along the alginate chain (Fig. S2). The 
affinity of Dp0100 and TM1-TM7 for soluble 
alginate was qualitatively evaluated by native 
affinity PAGE (Fig. 2), and showed that the 
electrophoretic mobility of the constructs 
containing the CBM35 domain (Dp0100, TM1, 
TM2, TM6 and TM7) were dramatically retarded 
by inclusion of 0.1 % (w/v) alginate, although some 
retardation was also noted with TM4 and TM5 (Fig. 
2E). These results suggest that within the 
boundaries of the TM6 construct (residues from 
1020 to 1466), which includes the CBM35 domain, 
the Dp0100 contains one or more domains with 
considerable affinity for alginate. As an 
extracellular carbohydrate active enzyme, the 
efficient recognition by Dp0100 of the substrate 
would facilitate polysaccharide degradation of the 
cell walls of brown algae by D. phaphyphila to 
permit the subsequent utilization of the degradation 
products as a carbon source for the bacterium (20). 
The higher catalytic efficiency (kcat/Km) of the full-
length Dp0100 enzyme, compared to all other 
constructs which involve deletion of the various 
accessory domains, indicates that these non-
catalytic modules play a role in assisting the 
enzyme in recognizing the substrate under natural 
conditions (Table S2).  
 
Structure of the catalytic domain 
Consistent with gel filtration studies, structure 
determination of TM5 at 2.07 Å showed that the 
four subunits in the asymmetric unit of the crystals 
of the apo protein form independent monomers 
with an overall subunit architecture constructed of 
three domains (Fig. 3). The N-terminal domain 
(Ala1-Pro364) is largely helical being formed from 
an incomplete (α/α)6 toroid (Fig. 3B). The central 
domain (Asp365-Tyr616) is formed from 16 
antiparallel β-strands arranged in two β-sheets 
together with a distorted α-helix (Fig. 3C and Fig. 
S3). The C-terminal domain (Ala617 to Gly771) is 
composed of two antiparallel β-sheets which form 
a typical β-sandwich comprising 16 β-strands (Fig. 
3D and Fig. S3). One face of the central domain 
packs against the C-terminal domain to form a 
four-layered β-sheet stack with the other face 
packing against the helical N-terminal domain (Fig. 
3A).  
Structural comparison using the Dali 
structural alignment server (28) identified matches 
between TM5 and domains found in enzymes 
belonging to a number of PL families, including 
PL5, PL8, PL12, PL15, PL17 and PL21 (Table 3). 
The N-terminal domain most closely resembles the 
structure of the PL5 endotype alginate lyase from 
Sphingomonas sp. (4E1Y) with an RMSD of 3.2 Å. 
However, the latter is a much simpler structure 
lacking the other two domains of the catalytic 
region, and all of the accessory binding domains 
found in Dp0100 (Fig. S5). The more complex 
architecture of the catalytic domain of TM5 is 
mirrored in representative exotype alginate lyases 
belonging to family PL17 (4OJZ), and the 
endotype PL21 family heparinase (2FUQ) which 
contain all three domains (14,22) (Fig. S5). 
Extensive similarities were also observed to the 
exotype alginate lyase belonging to family PL15 
(3AFL) which contain equivalents of the N-
terminal and central domains but with a much 
smaller C-terminal domain and which also have an 
additional N-terminal β-sheet extension which is 
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not found in the TM5 structure (13) (Fig. S5). 
Whilst the sequence similarities between all these 
enzymes and Dp0100 only fall in the region of 13-
16 % identity (Table 3), the superpositions show 
that many of the conserved residues occupy 
equivalent positions in the structures (Fig. 7). 
 
Metal binding sites 
ICP-MS and MCA analysis indicated the 
presence of Ca2+, Mn2+ and Fe2+ in purified TM5 
(Table S3 and Fig. S4). Consistent with this, the 
initial SAD electron density map showed three 
very strong peaks in identical positions in each of 
the three subunits in the asymmetric unit that are 
associated with good electron density indicating 
that these were metal ions. Examination of the bond 
lengths, coordination chemistry and the nature of 
the ligands led to the assignment of two of these 
peaks as Ca2+ consistent with the number of Ca2+ 
ions per subunit from ICP-MS. Both Ca2+ ions are 
associated with the central domain with one of 
them (Ca-1) stabilizing the interaction between its 
β-sheet and that in the C-terminal domain, and the 
other (Ca-2) lying at the interface with the N-
terminal domain. The carboxyl oxygens of Glu287, 
Glu401 and Asp409, carbonyl oxygen of His407, 
and two water molecules (w10 and w11) act as the 
ligands of Ca-1 (Fig. 4A), while the carboxyl 
oxygens of Asp479, Asp474, the side chain 
carbonyl oxygen of Gln513, the main chain 
carbonyl oxygen of Thr475, and two water 
molecules (w96 and w477) coordinate Ca-2 (Fig. 
4B and Table 2). The third metal peak lies close to 
Ca-1, and is octahedrally coordinated by His407, 
Asp425, His488 and three water molecules (w1, 
w5 and w6) with distances of 2.1-2.3 Å (Table 2). 
Given the metal ligand geometry, and calculation 
of the bond-valence sum (29), the observation from 
ICP-MS that preparations of TM5 contains 
manganese and iron (Table S3), and the 
identification of both these elements in the MCA 
spectrum of a TM5 crystal (Fig. S4), it is likely that 
in the crystal this site may be occupied by a mixture 
of both Mn2+ and Fe2+. This assignment is 
consistent with the behavior of the metal ion in 
refinement where, for example, its refined 
temperature factor in subunit A of the apo structure 
(24 Å2) is similar to the average of the six ligands 
(22 Å2). We suggest that under the growth 
conditions of D. phaphyphila, this metal is 
probably a Mn2+ ion. We note this metal site is 
essentially identical in position and in the nature of 
the ligand to that reported for a Zn2+ ion in the 
structures of a PL17 family alginate lyase and a 
PL21 family heparinase (14,22) (Fig. 7B and 7C). 
However, our enzyme does not contain zinc, and 
the observed octahedral geometry of the metal in 
these other enzymes, rather than tetrahedral 
coordination that would be expected for Zn2+, 
suggests that the previous assignment of a Zn2+ ion 
to this site is incorrect. A fourth metal ion, Mg2+, 
has been identified in the electron density map of 
TM5 ligated by Asp132, the carbonyl oxygen of 
Trp180 and four water molecules (w37, w160, 
w440 and w443) (Fig. 4C). This assignment is 
consistent with the ligand geometry, the metal 
ligand distances and the fact that the refined B-
factors are comparable with those of neighboring 
atoms. This metal is thought to arise from the 
crystallization solution which contains magnesium 
chloride and is not thought to be biologically 
significant. 
 
Substrate binding and mechanism of Dp0100 
The catalytic site of TM5 was initially 
identified following co-crystallization with 
substrate M5, and the structure was solved by 
molecular replacement at a resolution of 2.76 Å 
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(Table 1). Consistent with biochemical data that 
indicate that the full-length enzyme and TM5 can 
cleave small oligosaccharides, examination of the 
resultant electron density map provided clear 
evidence for the binding of a trisaccharide rather 
than a pentasaccharide (Fig. 5). This suggests that 
the binding site is occupied by a product, ΔMM, 
with an unsaturated uronic acid at the non-reducing 
end. Thus, the three sugars are presumed to be 
bound at subsites +1, +2 and +3 with the general 
location of the active site being adjacent to the 
unsaturated sugar at +1 subsite. Examination of this 
region suggested that His187 might play a pivotal 
role in the reaction mechanism and subsequently an 
H187A mutant was shown to be catalytically 
inactive. Co-crystallization of M5 with the TM5 
H187A mutant led to a structure with clear density 
for all the sugars with no sign of any cleavage by 
the enzyme. 
Analysis of the structure of the complex with 
M5 shows that the oligosaccharide binds in a long 
cleft formed between the N-terminal domain and 
the central domain with its five sugar molecules in 
what are presumed to be subsites –2, –1, +1, +2, +3 
(Fig. 5 and Table 4) and superposing well with 
equivalent parts of the structure of ΔMM. One wall 
of the substrate binding groove is formed from 
residues close to the start of α5 (Ser127 and 
Tyr135), the loop between α6 and α7 (Arg183, 
His185, Asn186 and His187), the loop between α13 
and α14 (Gly340, Ser342 and Tyr343), and 
residues from α9 (His238, Tyr239 and Tyr242) 
(Fig.4 and Fig. S3). The other wall is formed from 
residues associated with the loop leading to α15 
(Tyr433), and the loop connecting β3 to β4 
(Asn404 and His405) (Fig.4 and Fig. S3). We note 
that the substrate binding cleft is open at both ends 
such that longer chain polysaccharides can be 
accommodated by the enzyme (Fig. 5). Critical 
interactions between the enzyme and the substrate 
involve the recognition of the C5 carboxyl moiety 
on each of the uronic acid residues which 
alternately point to opposite walls of the 
oligosaccharide binding site (–2 (Ser342), –1 
(Tyr135), +1 (Asn186, His187 and His405), +2 
(Ser127), +3 (Arg183 and His185)) (Fig. 5C and 
Table 4). 
The identification of the unsaturated sugar at 
the +1 subsite, consideration of its environment, 
and comparison with the equivalent sugar in M5 
strongly implicated His405 as the catalytic base in 
the first step of the β-elimination reaction, as this 
residue is ideally placed to remove the C5 proton 
of the +1 M sugar, which is acidic as a result of the 
adjacent carboxyl group (Fig. 6). This would lead 
to the formation of a C5 aci-carboxylate, which 
could be stabilized by Asn186, His187 and His405 
(Fig. 6B). Subsequent collapse of the aci-
carboxylate would then lead to the formation of the 
double bond between C5 and C4 with the 
concomitant cleavage of the glycosidic bond 
between the –1 and +1 uronic acids and the 
protonation of the O4 leaving group by Tyr239 to 
complete the reaction (Fig. 6). The importance of 
His187, Tyr239 and His405 to catalysis was 
investigated by mutation with preliminary activity 
data showing that H187A and H405A are totally 
inactive, while H187F, H405F, Y239A and Y239F 
exhibit a dramatic decrease in activity relative to 
TM5 (Table S4) consistent with the proposed 
mechanism. The finding that the oligosaccharide 
binding site at the non-reducing end of the uronic 
acid at the +1 subsite is open and unhindered, 
together with the observed binding of sugars in the 
–1 and –2 subsites with M5 provides a clear 
explanation of the endolytic activity of the enzyme. 
Interestingly, we note no major conformation 
changes or domain rearrangements on substrate 
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binding. 
The finding that Dp0100 is capable of 
depolymerizing both polyM and polyG raises the 
question as to how this is possible given the 
stereochemical differences between the two sugars 
which differ in the chirality of the critical C5 
carbon atom. Thus, compared to polyM, the proton 
removed by enzyme in the depolymerization of 
polyG would lie on the opposite face of the sugar. 
We note the existence of the additional histidine 
residue in the active site, His187, which lies in a 
suitable position to possibly fulfill this role. 
 
Mechanistic comparison to other PL family 
enzymes 
Examples of both exotype and endotype 
alginate lyases belonging to PL family 7 have been 
identified (15). These single domain enzymes are 
highly divergent in their amino acid sequence with 
similarities of the order of 16 % identity, yet having 
a highly related jelly-roll fold (15). Comparison of 
these enzymes have shown that they conserve key 
residues involved the reaction mechanism (15). 
However, the architecture of the substrate binding 
site is radically different such that in the endotype 
lyases the polysaccharide binding site is formed 
from a long groove on the enzyme surface that is 
open at both ends, whereas in the exotype enzyme, 
the pocket is sterically hindered at the non-
reducing end sugar such that only the terminal 
saccharide residue at the –1 position can be cleaved 
in any one catalytic cycle to leave a saccharide with 
a Δ unit at the +1 position (15). 
Whilst the fold of Dp0100 is totally unrelated 
to that of the PL7 enzymes, comparison of the more 
complex multidomain exotype alginate lyases and 
Dp0100, the first endotype multidomain alginate 
lyase to have its structure determined, reveals a 
striking parallel in how the exo- and endo-
specificity is controlled. Thus, despite this 
difference in specificity, many of the residues 
implicated in the catalytic mechanism of Dp0100 
(eg. His187, Tyr239 and His405) are conserved in 
the PL15 and PL17 enzymes (Fig. 7) in an 
analogous manner to the pattern seen in the PL7 
family (30). Moreover, in the PL7, PL15 and PL17 
enzymes, as well as in Dp0100, the recognition of 
the C5 carboxyl group of the polysaccharide 
substrate is a key determinant of specificity. 
In addition, the broad oligosaccharide binding 
groove in Dp0100, that is open at both ends (Fig. 
8), mirrors the strategy for endolytic activity used 
by the equivalent PL7 enzyme (AlyA1) (15). 
Similarly, in a pattern closely related to that in the 
PL7 enzymes, comparison of Dp0100 and the 
exotype PL15 and PL17 alginate lyases (Atu3025 
from A. tumefaciens and Alg17c from S. degradans, 
respectively) show that despite their common 
architecture, the structure of the exotype lyases are 
severely sterically hindered so as to allow the 
binding of only a single sugar at a –1 position to the 
cleavage site (Fig. 8). In the case of the PL15 
enzyme, a major determinant of the steric 
hindrance arises from a short helix, H3, which 
blocks the end of the polysaccharide binding 
groove (13). In the PL17 enzyme, residues 
belonging to a β-turn between two strands in the C-
terminal domain of a two-fold related subunit in the 
dimer seal off the pocket restricting the enzyme to 
exolytic activity alone (14). Moreover, compared to 
these enzymes, where significant conformational 
changes on substrate binding have been reported 
and proposed as a common feature of the 
multidomain lyases belonging to the (α/α)n toroid 
structural class (13,14), the apparent absence of 
such changes in Dp0100 would point to this not 
necessarily being a universal feature of the wider 
enzyme family. Structural comparisons further 
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show that in addition to the similarity of the overall 
fold, the active site of Dp0100 is closely related to 
that of the endotype PL21 Heparinase II from P. 
heparinus that can cleave both heparin and heparan 
sulfate (Fig. 7) (22). This similarity extends to the 
conservation of the residues that have been 
implicated in the β-elimination chemistry including 
these involved in aspects of acid/base catalysis 
(Tyr239 and His405 (Dp0100 numbering)), in the 
stabilization of the aci-carboxylate intermediate 
(Asn186 and His187) (Fig. 6B and 7C), and in the 
open architecture of the substrate binding cleft (Fig. 
8D) (31). 
 
Conclusions 
Alginate is one of the major components of 
the matrix which is responsible for organizing the 
macrocellular assembly of algal cells in brown 
seaweed, and this polymer and small 
oligosaccharides derived from it have many 
applications in areas of food, pharmaceutical, and 
biomaterial industries. The discovery and detailed 
analysis of Dp0100 from a marine thermophile D. 
phaphyphila, the first member alginate lyase of a 
new family of PLxx has provided new insights into 
the strategies that can be used to bring about the 
depolymerization of this important polymer. The 
results presented here not only provide a clear 
molecular basis for the endotype activity of the 
enzyme, but also reveal the generic strategies used 
by unrelated multidomain and single domain 
enzymes catalyzing this chemistry. 
 
Experimental procedures 
Cloning, overexpression and purification 
Isolation and characterization of the D. 
phaphyphila Alg1 strain has previously been 
reported (19,20). Heterologous expression and 
purification of Dp0100, its truncated derivatives 
and the site-directed mutants were made following 
the methods described by Zhang et al. (32). To 
facilitate heterologous expression of Dp0100, the 
N-terminal 26 residue signal peptide was not 
included in any of the expression constructs. For 
cloning, the genes were amplified by PCR from 
genomic DNA, purified and ligated into pEASY-
E1 (TransGen Biotech Inc., Beijing, China) 
through either Gibson Assembly or TA cloning as 
described in Table S1. The plasmids containing the 
genes were then transformed into E. coli DH5α 
cells. Single colonies were picked from the plate 
and cultured in LB medium supplemented with 100 
μg ml-1 ampicillin. The verified recombinant 
plasmid was transformed into E. coli BL21 (DE3), 
and incubated overnight at 37 °C on ampicillin LB 
agar plates from which single colonies were 
isolated and inoculated in fresh ampicillin LB 
medium and cultured with aeration overnight at 
37 °C, and then transferred into 500 ml ampicillin 
LB medium under vigorous shaking (200 rpm) at 
37 °C. After growth to an OD600 of 0.5-0.6, 
isopropyl-β-D-thiogalactopyranoside (IPTG) was 
added to a final concentration of 1 mM, the 
temperature was decreased to 25 °C, and the 
culture was incubated for an additional 12 h. The 
cells were harvested by centrifugation (10,000 g for 
10 min), resuspended in a binding buffer (50 mM 
Tris-HCl, 500 mM NaCl, pH 8.0), and ruptured by 
the cell disruptor. Cell debris was removed by 
centrifugation at 72,000 g for 10 min, then heated 
at 60 °C for 10 min, precipitated material was 
removed by centrifugation as above and cell free 
extract was applied on a 5 ml HisTrap cartridge 
(GE Healthcare). Proteins were eluted by a 50 ml 
gradient of imidazole concentration from 0 to 0.3 
M at flow rate 5 ml/min. A volume of 3 ml fractions 
were collected and analyzed by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-
 at U
N
IV
E
R
S
IT
Y
 O
F
 Y
O
R
K
 o
n
 O
cto
b
er 2
4
, 2
0
1
9
h
ttp
://w
w
w
.jb
c.o
rg
/
D
o
w
n
lo
ad
ed
 fro
m
 
 
Mechanism of endolytic activity of a novel alginate lyase 
10 
 
PAGE). Combined fractions with the target protein 
were reduced in volume to 1-2 ml using VivaSpin 
concentration device 30,000 MWCO and further 
purified by size exclusion chromatography using 
1.6 × 60 HiLoad Superdex 200 column (GE 
Healthcare) in 50 mM Tris-HCl, 500 mM NaCl (pH 
8.0). Chromatography was performed on an ÄKTA 
purifier system (GE Healthcare). 
 
Enzymes activity assay and kinetic analysis 
Alginate lyase activity was assayed by 
measuring the increase in absorbance at 235 nm 
(A235) of the reaction products (unsaturated 
oligosaccharides) for 1 min at 65 °C in a quartz 
cuvette containing 2 ml of 0.2 % alginate in 100 
mM acetic acid/sodium acetate buffer (pH 5.8) and 
0.5 μg (in the specific activities measurement of the 
mutant TM5, 12 μg) purified enzymes. One unit (U) 
of activity was defined as an increase of 0.1 in 
A235 per min. Protein concentrations were 
determined with the Bradford assay kit (Bio-Rad 
Laboratories, Inc.) with bovine serum albumin as 
the standard (33). Thin layer chromatography (TLC) 
assay was performed on a silica gel 60 F254 plate 
(Merck, Germany) with a solvent system of 1-
butanol/formic acid/water (4:6:1, v/v). Products of 
the cleavage of alginate were visualized either by 
heating TLC plates at 110 °C for 5 min after 
spraying with 10 % (v/v) sulfuric acid in ethanol to 
detect saturated or unsaturated oligosaccharides 
(not including unsaturated monosaccharide) (34), 
or by the thiobarbituric acid (TBA) method to 
detect unsaturated mono or oligosaccharides (35). 
The kinetic parameters of Dp0100 and its 
truncation mutants for the depolymerization of 
alginate were determined by adding 0.5 μg enzyme 
to 1 ml of mixture containing 100 mM acetic 
acid/sodium acetate buffer (pH 5.8) and varying 
concentrations of substrate (1-20 mg/ml). The 
mixture was incubated at 65 °C for 1 min, and the 
OD of A235 was recorded to quantify the amount 
of oligoalginate with an unsaturated end produced 
using a molar extinction coefficient of ε = 6150 M-
1 cm-1 for the reaction products (15) . The initial 
rates of product formation were plotted against 
substrate concentration, and the apparent kinetic 
parameters were estimated by the Michaelis-
Menten equation using the software GraphPad 
Prism 5.01 (GraphPad Software Inc., San Diego, 
CA). Sodium alginate from brown algae (> 90% 
purity), was purchased from Sangon Biotech 
(Shanghai) Co., Ltd.. PolyM (> 90% purity with a 
number average degree of polymerization of 13) 
and polyG  (> 91% purity with a number average 
degree of polymerization of 16) were prepared 
from the alginate according to the method of Haug 
et al. (36). 
 
Determination of pH and temperature optimum of 
Dp0100 
Three buffers were used for pH profiling of 
Dp0100 and TM1-5: 100 mM acetic acid/sodium 
acetate buffer (pH 4.0 to 5.8), 100 mM Na2HPO4-
NaH2PO4 (pH 6.0 to 7.0) and 100 mM Tris-HCl 
buffer (pH 7.0 to 9.0). To determine the optimal pH 
of the enzymes on alginate, 0.5 μg Dp0100 or one 
of its truncation mutants was incubated with 0.2 
mg/ml of alginate in each buffer at a given pH at 
65 °C and assayed as described above. For 
determination of optimal temperature, each 
enzyme sample was incubated with 0.2 mg/ml of 
alginate at its optimal pH at various temperatures 
(35, 45, 55, 65, 70 and 75 °C). The thermostability 
of Dp0100 and its truncation mutants were 
determined by incubating the enzymes at 65 °C in 
a water bath. At different time points, aliquots were 
taken from the tubes and residual enzymatic 
activity was determined. 
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Affinity gel electrophoresis and substrate 
specificity 
The binding ability of Dp0100 to soluble 
polysaccharides was evaluated by affinity gel 
electrophoresis (37-39). Alginate was added at a 
concentration of 0.1 % (w/v) into the separation gel. 
Electrophoresis was carried out at room 
temperature in native 10 % (w/v) polyacrylamide 
gels. After electrophoresis, proteins were 
visualized through staining with Coomassie Blue. 
For investigation of substrate specificity, 0.5 µg 
purified Dp0100 and 0.2% (w/v) alginate, polyM 
or polyG as a final concentration in 100 mM 
acetate/sodium acetate buffer (pH 5.8) were 
incubated in 500 µl reaction mixture for 1 min at 
65 ºC, and the OD at 235nm was recorded to 
evaluate the substrate preference.  
 
Electron microscopy  
Purified Dp0100 (~5 μl at a concentration of 
~ 1 mg/ml) and ~5 μl of alginate at ~ 1 mg/ml were 
loaded onto carbon coated grids and incubated for 
1 min. Excess protein sample was removed by 
blotting. The grid was then dipped in negative stain 
(0.75 % uranyl formate) (w/v) for 1 s and washed 
twice in distilled water. After a final staining for 20 
s, the excess staining was removed by blotting. The 
grids were vacuum dried and imaged on a Philips 
CM100 transmission electron microscope at an 
accelerating voltage of 100 kV. Digital images 
were collected on a Gatan Multiscan 794 1k ×1k 
charge-coupled device. 
 
Phylogenetic analyses 
Representative enzymes belonging to PL8, 
PL15, PL17 and PL21 families were identified in 
the Carbohydrate-Active enZYmes (CAZy) 
database (11), and their amino acid sequences and 
that of Dp0100 (NCBI accession QDD67358) were 
retrieved from the NCBI Protein Database 
(http://www.ncbi.nlm.nih.gov/sites/gquery). The 
sequences were aligned by ClustalW, and 
phylogenetic analysis was performed using the 
software package MEGA version 7.0 using the 
Neighbour-joining (NJ) method (40-42).  
 
Crystallization and data collection 
Initial crystallization conditions were 
determined by automated screening (Nextal, 
Qiagen Inc.) using a Matrix Hydra II crystallization 
robot. Crystals of TM5 construct and SeMet-
labeled, and the H187A mutant enzyme were 
optimized by hanging-drop vapor diffusion using a 
1:1 ratio of protein to precipitant. In detail, 12 
mg/ml protein in 10 mM Tris-HCl pH 8.0 was 
added to the same volume of precipitant. For the 
TM5 construct, a precipitant containing 0.1 M 
magnesium acetate, 0.1 M sodium cacodylate, pH 
6.5, 15 % polyethylene glycol (PEG) 6000 was 
used, while for SeMet-labeled protein and the 
H187A mutant, the precipitant contained 0.1 M 
magnesium chloride, 0.1 M Na HEPES, pH 7.5, 10 % 
w/v PEG 4000. For the co-crystallization with 
substrate, M5 (Qingdao BZ Oligo Biotech Co., Ltd, 
China) at a final concentration of 5 mM was added 
to solutions containing either H187A mutant or the 
construct active TM5. Crystals were formed after 
equilibrating against a 1 ml reservoir of the same 
precipitant over the course of 1 day at 16 °C. All 
crystals were cryoprotected in the crystallization 
solution to which 25 % ethylene glycol had been 
added, prior to flash-cooling in liquid nitrogen, and 
data sets were collected on the MX beamlines at the 
Diamond Light Source. 
 
Phasing, structure determination, refinement and 
substrate restraints 
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Crystallographic phases were determined 
using single wavelength anomalous diffraction 
(SAD) data collected from a crystal of 
selenomethionine (SeMet)-labeled protein. Native 
data on crystals of the TM5 construct were 
collected on beamline I03 at the Diamond Light 
Source. Data were processed in xia2-DIALS (43-
46) to 2.07 Å and belong to spacegroup C2221. 
SeMet peak SAD data were collected at 0.97928 Å 
wavelength on beamline I04 at the Diamond Light 
Source. Data were processed in xia2-DIALS to 
2.38 Å, in spacegroup C2221. The SHELX program 
suite (47) was used to identify heavy atom sites and 
produce an initial electron density map in which 3 
subunits could be readily identified. A preliminary 
model was built using Coot and Buccaneer (48,49), 
and subsequently subjected to rounds of building in 
Coot. During the course of refinement, weaker 
electron density for a fourth subunit was identified 
and confirmed by analysis of the difference map 
comparing the SeMet and sulfur methionine dataset 
(apo-native) using the calculated phases to reveal 
the positions of the Selenium atoms in all the 
subunits. Coordinates for subunit A were then 
superimposed onto the position of the fourth 
subunit (D) and, whilst the electron density was at 
a much lower level, the conformation of subunit D 
appeared to be the same. In one region of this 
subunit, a loop between β16 and β17, a severe clash 
with a neighboring molecule was noted indicating 
that, locally, the conformation was incorrect. The 
coordinates in this region were not altered prior to 
refinement to act as a bias check (50). In the 
resultant electron density map calculated after 
refinement, the error in the position of this local 
region was unambiguous and the new position was 
clear. Nevertheless, following the final round of 
refinement, the average B-factors for the subunit D 
remained high (96 Å2) indicating its somewhat 
disordered nature in the crystal (51). The final 
model includes residues from 1 to 770 of the 
expected 789 residues (772 from the protein and 17 
from the N-terminal His-tag) for the 3 subunits A, 
B and C and coordinates for the Cα atoms alone of 
the fourth subunit D to indicate its position in the 
cell. Some additional weak electron density could 
be seen for each subunit at the N-terminus arising 
from residues from the His-tag. These were not 
modeled in the structure. 
Crystals of TM5 and H187A complexes with 
M5 oligosaccharide were morphologically distinct 
to these of the apo enzyme. Data were collected on 
beamline I03 at the Diamond Light Source and 
processed in xia2-DIALS, revealing that they 
belong to space group P321 with one molecule in 
the asymmetric unit. The co-crystal structures were 
determined by molecular replacement using 
PHASER (52) with the refined unliganded TM5 
coordinates as a search model to resolutions of 2.76 
Å and 2.85 Å, respectively. The electron density for 
the TM5 complex substrate confirmed the 
conversion of M5 to ΔMM by the enzyme during 
the course of the crystallization experiment. Model 
building and refinement was carried out in Coot 
and Refmac5. A single chemical dictionary was 
generated for each of the polysaccharides in each 
structure. Fitting into the electron density maps was 
initially done without activating torsion restraints 
in order to allow for the two different chair 
conformations (4C1 and 1C4) to arise, as the 
coordinates in the dictionary had not been 
subjected to energy minimization, all M5 sugars in 
the structure are 4C1 chairs. Torsion restraints were 
activated once the polysaccharides were well 
aligned with the electron density and with all rings 
in conformations that were close to low-energy 
chairs. Ring conformation was then further 
restrained by the activation of harmonic torsion 
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restraints. Dictionaries including these were 
generated using the Acedrg program from the 
CCP4 suite, as this has been shown to create 
geometric restraints that are comparable (53) to 
those obtained by Grade (Global Phasing Ltd.) and 
Elbow (PHENIX) in combination with CSD Mogul. 
Carbohydrate validation was then done with a 
development version of Privateer MKIV (54). The 
final model includes residues from 1 to 770 of the 
expected 789 residues (772 from the protein and 17 
from the His-tag) together with coordinates for the 
oligosaccharides for the subunit. Residues from the 
His-tag were not modeled in the structure. 
Refinement statistics are summarized in Table 1. 
All models were validated using MolProbity (55) 
and diagrams were generated using PyMOL (56). 
 
MCA spectrum and inductively coupled mass 
spectrometry (ICP-MS) 
An X-ray fluorescence spectrum (MCA) was 
collected on a crystal of TM5 on beamline I02 at 
the Diamond Synchrotron. For ICP-MS analysis, 
protein samples were purified and dialyzed against 
10 mM Tris-HCl (pH 8.0) for 24 h with two 
changes. Finally, 100 μl 15 mg/ml protein was 
introduced to the instrument (Agilent 7500 ICP-
MS (Agilent Technologies, Inc.)) for analysis after 
hydrolysis. 
 
Site-directed mutagenesis 
Site-directed mutagenesis was conducted by 
designing a pair of complementary mutagenic 
primers to amplify the entire plasmid in a 
thermocycling reaction with a high-fidelity pfu 
polymerase (New England Biolabs, Inc.). The 
nucleotide sequences of the mutagenic primers 
used for mutagenesis are given in Table S1 in the 
supplemental materials.  
The PCR product was digested with DpnI (New 
England Biolabs, Inc.) at 37 °C for 1 h to degrade 
the parental plasmid DNA. The product from the 
DpnI digestion was transformed into E. coli BL21 
(DE3) competent cells. The E. coli cells were 
spread on LB plates containing 100 μg/ml of 
ampicillin and incubated at 37 °C overnight. Single 
colonies were inoculated in 5 ml of LB medium 
supplemented with 100 μg/ml of ampicillin and 
cultured for 12 h. The plasmids were extracted 
from the recombinant E. coli cells, and the inserts 
were sequenced to confirm the presence of the 
desired mutation. The truncated protein was 
produced and purified in the same way as described 
above. 
 
Accession numbers 
The X-ray crystal structures for the catalytic 
domain of Dp0100 and the associated X-ray data 
have been deposited in the Protein Data Bank under 
the ID codes 6JP4 (apo) and 6JPH (ΔMM bound), 
6JPN (M5 bound), respectively. 
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Table 1. X-ray crystallographic data 
 
 
 
  
Data collection – Apo - Native SeMet ΔMM bound 
structure 
M5 bound structure 
Wavelength (Å) 0.97179 0.97928 0.97625 0.97625 
Resolution range (Å) 98.70-2.07 (2.11-
2.07) 
108.99-2.38 (2.42-
2.38) 
130.96-2.76 (2.81-2.76) 62.78 - 2.85 (2.90-2.85) 
Space group C 2 2 21 C 2 2 21 P 3 2 1 P 3 2 1 
Unit cell (a,b,c) (Å) 261.3, 394.8, 112.2 261.2, 395.4, 111.6 261.9, 261.9, 58.3 261.4, 261.4, 58.4 
(α,β,γ) (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.00, 120.0 90.0, 90.0, 120.0 
Total reflections 2551319 (104358) 2551319 (144764) 649310 (32281) 594163 (26053) 
Unique reflections 348350 (16738) 226731 (11049) 58914 (2878) 53459 (2668) 
Multiplicity 7.3 (6.2) 13.6 (13.1) 11.0 (11.2) 11.1 (9.8) 
Completeness (%) 99.5 (96.3) 98.5 (96.9) 100.0 (99.2) 100.0 (100.0) 
Mean I/σ 11.0 (1.8) 7.4 (2.4) 6.2 (0.9) 11.5 (1.0) 
Wilson B-factor (Å2) 32 18 56 67 
Rmerge 0.099 (0.699) 0.325 (0.909) 0.265 (2.319) 0.217 (1.827) 
Rpim 0.059 (0459) 0.132 (0.381) 0.122 (1.062) 0.101 (0.910) 
CC1/2 0.992 (0.541) 0.971 (0.396) 0.986 (0.516) 0.996 (0.524) 
Anomalous completeness 
(%) 
 98.7 (97.1)   
Anomalous multiplicity  7.0 (6.7)   
Anomalous correlation  0.229 (0.318)   
Anomalous slope  1.068   
  
Refinement  
Rfactor 0.222  0.199 0.209 
Rfree 0.240  0.226 0.223 
Atoms   
     Protein 21800  6240 6235 
     Ligands 61  40 61 
     Ions 12  4 4 
     Water 832  144 37 
     Protein residues 3080  770 770 
RMSD (bonds) (Å) 0.0077  0.0034 0.0040 
RMSD (angles) (°) 1.515  1.283 1.326 
Ramachandran favoured 
(%) 
95.4  94.7 93.8 
Ramachandran outliers 
(%) 
0.2  0.1 0.5 
Favoured rotamers (%) 94.8  95.8 94.3 
Poor rotamers (%) 0.75  0.3 0.6 
Molprobity score 1.28 (99th percentile, 
2.07Å ± 0.25Å) 
 1.4 (100th percentile, 
2.76Å ± 0.25Å) 
1.51 (100th percentile, 
2.85Å ± 0.25Å) 
Average B-factors     
     Main chain (Å2) 59  64 74 
     Side chains (Å2) 51  68 75 
     Ligands (Å2) 63  77 89 
     Ions (Å2) 43  49 58 
     Water (Å2) 44  47 45 
PDB ID 6JP4  6JPH 6JPN 
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Table 2. Distances between metal ions and protein ligands in chain A of the apo structure. 
Ligand (Å) 1 2 3 4 5 6 7 8 
Mn-1 ND1
His407 
(2.10) 
NE2His448 
(2.14) 
OD1Asp425 
(2.26) w1 (2.29) 
w5 
(2.40) w6 (2.31)   
Ca-1 OD1
Asp409 
(2.75) 
OD2Asp409 
(2.62) 
OE1Glu287 
(2.64) 
OE2Glu287 
(2.64) 
OHis407 
(2.57) 
OE2Glu401 
(2.63) 
w10 
(2.63) 
w11 
(2.64) 
Ca-2 OE1
Gln513 
(2.58) 
OD1Asp479 
(2.63) 
OD2Asp479 
(2.65) 
OD1Asp474 
(2.60) 
OThr475 
(2.61) w96 (2.65) 
w477 
(2.61)  
Mg-1 OE2
Glu133 
(2.36) 
OTrp180 
(1.97) 
w160 
(2.28) 
w440 
(2.25) 
w443 
(2.24) 
w598 
(2.07)   
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Table 3. Structural comparison using the Dali server. 
PDB code PL family Z score RMSD (Å) LALI# Identity (%) Function 
3AFL PL15 27 3.6 587 14 alginate lyase 
4OJZ PL17 25.9 3.3 572 16 alginate lyase 
4FNV PL12 24.9 4.4 494 15 heparinase III  
2FUQ PL21 24.2 4.6 588 16 heparinase II  
4E1Y PL5 21 3.2 288 13 alginate lyase 
6F2P PL8 14.9 6.3 570 6 xanthan lyase 
# Total number of equivalenced residues. 
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Table 4. Distances between the substrates and key binding residues in Dp0100. 
Binding residue Target ligand 
(subsite) 
Distance in ΔMM 
bound structure (Å) 
Distance in M5 bound 
structure (Å) 
OGSer342 O6 carboxyl (–2) 
 
2.83 
OGly340 O6 carboxyl (–2)  3.27 
OHTyr135 O6 carboxyl (–1) 
 
3.41 
NE2His238 O3 (–1) 
 
2.86 
OHTyr239 O2 (–1) 
 
2.82 
OHTyr239 O4 (+1) 
 
3.21 
NE2His187 O6 carboxyl (+1) 2.88 ND# 
NE2His405 O6 carboxyl (+1) 2.48 2.65 
ND2Asp186 O6 carboxyl (+1) 2.84 3.01 
OD1Asp186 O6 carboxyl (+1) 2.52 2.81 
OD1Asn404 O2 (+2) 2.81 2.31 
OGSer127 O6 carboxyl (+2) 3.85 3.11 
NE2His185 O6 carboxyl (+3) 2.72 2.83 
NH2Arg183 O4 (+3) 3.33 3.27 
NEArg183 O5 (+3) 3.36 3.57 
# ND, not determined. The side chain of His187 is absent in the structure of the H187A mutant with 
M5. 
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Figure 1. A) Schematic diagram of the modular structure of Dp0100 and its truncation mutants. B) 
Phylogenetic analysis of the catalytic domain of Dp0100 (TM5) and its close relatives from PL8, PL15, 
PL17 and PL21. The percentage of replicate trees in which the associated taxa clustered together in the 
bootstrap test (1000 replicates) are shown next to the branches (57). The tree is drawn to scale, with 
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic 
tree. 
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Figure. 2. TLC analysis of the products released from alginate, and affinity of Dp0100 and its TM1-
TM7 constructs for soluble alginate by native affinity gel electrophoresis. A and B) Marker sugars (lane 
1 sodium D-mannuronate (S1), lane 2 sodium D-dimannuronate (S2), lane 3 sodium D-trimannuronate 
(S3) and lane 4 sodium D-tetramannuronate (S4)) and the products of TM5 (unsaturated U2 and U3, 
lane 5) after 24h incubation with alginate stained by the sulfuric acid/ethanol and TBA methods, 
respectively. Note that unsaturated sugars on the plate run faster than those of the equivalent saturated 
oligosaccharides (S1-S4) as previous reported (58,59), and the saturated sugars are not stained by the 
TBA method (35,59). C) The unsaturated oligosaccharide products (U2, U3 and U4) of Dp0100 and 
TM1-TM5. Lane 1 to lane 7 represent incubation for 0 min, 5 min, 30 min, 2 hours, 4 hours, 6 hours 
and 24 hours respectively. Plates in panel C were visualized by spraying with sulfuric acid in ethanol. 
D) 10% Native-PAGE without alginate. E) 10% Native-PAGE supplemented with 0.1% (w/v) alginate. 
Lane 1 to lane 8 represent Dp0100 and TM1-TM7 respectively; Lane 9 contains BSA (0.2 μg) as a 
control.  
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Figure 3. Structure of the catalytic domain of Dp0100 (TM5). A) Schematic diagram of the fold of 
TM5 showing its N-terminal (orange), central (lemon) and C-terminal domains (skyblue). The positions 
of the Mn2+, Ca2+ and Mg2+ ions are shown as purple, green and yellow spheres, respectively. B-D) 
Schematic diagrams of the N-terminal, central and C-terminal domains drawn in a rainbow format (blue 
to red from the N to C terminus) to show their secondary structure elements which are labeled. The 
figures were prepared using PyMOL (56). 
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Figure 4. Metal-binding sites in the catalytic domain of Dp0100. A) The binding site of the Mn2+ ion 
(Mn-1, purple sphere) and its neighboring Ca2+ ion (Ca-1, green sphere). Amino acid residues (drawn 
in atom colors (oxygen red, carbon grey and nitrogen blue)) and water molecules (red spheres) in the 
coordination spheres of the metal ions are shown. B) The second Ca2+ ion binding site (Ca-2) colored 
as in A. C) The Mg2+ ion binding site (Mg-1, yellow sphere) drawn as in A. Dotted lines indicate 
interactions between metal ions and ligands in the coordinate sphere. The figures were prepared using 
PyMOL (56). 
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Figure 5. Substrate binding groove of TM5. A) Surface representation to show the binding site of M5 
(shown as sticks, and drawn in atom colors (oxygen red, carbon cyan)) in the catalytic domain of 
Dp0100. B) Schematic diagrams to show the binding site of M5 and the surrounding elements of 
secondary structure (colored as in Fig. 3). C and D) Electron density surrounding the substrates (shown 
as in A) in the (2Fo-Fc) omit map (contoured at 1.0σ) in complexes of the H187A mutant with M5 and 
the wild type enzyme with ΔMM, respectively. The sugar binding subsites are numbered in C and D. 
Key residues interacting with the substrates are highlighted (drawn in atom colors (oxygen red, carbon 
grey and nitrogen blue)) with the remainder of the enzyme shown transparently in cartoon format. The 
figures were prepared using PyMOL (56). 
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Figure 6. Schematic diagram of the active site of Dp0100 and the proposed mechanism. A) The relative 
orientation of key functional groups on the enzyme with respect to the substrate are shown. The 
coordinates and the associated molecular surface displayed are those of the wild type enzyme combined 
with M5 oligosaccharide. The position of the latter is modelled based on the superposition of the wild 
type enzyme onto the structure of the complex of the inactive mutant, H187A, with M5. The sugar 
binding subsites are numbered. The proximity of the residues proposed to be involved in the acid/base 
catalysis (His405 and Tyr239) can be seen. The figure was prepared using PyMOL (56). The color 
scheme is the same as that for Figure 4. B) The proposal for the catalytic mechanism of 
depolymerization of polyM by Dp0100. 
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Figure 7. Superposition of Dp0100 and related PL family enzymes. A-C) The conserved residues 
around the catalytic center between TM5 (6JP4), PL15 alginate lyase (3AFL), PL17 (4NEI) and PL21 
(2FUT), respectively. The conserved residues of these structures are drawn in oxygen red, nitrogen blue 
and carbon as green, teal, orange and yellow, respectively. Residue numbers of Dp0100 are shown first 
alongside those of their counterparts in the other PL family enzymes. These figures were prepared using 
PyMOL (56). 
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Figure 8. Surface representations of the substrate binding site in Dp0100 and related enzymes. A) 
H187A mutant in Dp0100 in complex with M5. B) H531A mutant of the PL15 alginate lyase from A. 
tumefaciens in complex with ΔGGG. C) Y258A mutant of the PL17 alginate lyase from S. degradans 
in complex with ΔMMG. D) Heparinase II of PL21 from P. heparinus in complex with a disaccharide 
product from heparin. Selected residues proposed to be important in catalysis and the oligosaccharides 
are shown as sticks, and drawn in atom colors (oxygen red, carbon cyan/grey for the 
oligosaccharide/protein respectively, sulfur yellow and nitrogen blue). The figures were prepared using 
PyMOL (56). 
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